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Highlights 

 Resource recovery (RR) can reduce environmental impact of food processing 

 Four case studies highlight different potential RR technologies in this paper 

 Understanding industrial needs is essential for successful RR commercialisation 

 Risk awareness of industry and raising private equity are key RR challenges 

 

Abstract 

The recovery of resources from waste streams including food production plants can improve the overall 

sustainability of such processes from both economic and environmental points of view. This is because 

resource recovery solutions will be instrumental in overcoming the grand societal challenges in relation to 

the Water-Energy-Food (WEF) nexus in one of many aspects. Identification, development and 

implementation of resource recovery solutions in an industrial setting is a challenge that requires careful 

assessment of environmental impacts, technology readiness level (TRL), economics as well as other 

implementation aspects. This manuscript will first introduce these multi-disciplinary concepts followed by 

four case studies that are each at a different level of technological maturity and have a unique economic 

value proposition. The technologies demonstrated in these case studies directly convert either food waste, 

waste energy or wastewater into valuable raw materials. Using the case study experience as a basis, a 
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roadmap to commercialisation is discussed where the focus is on understanding industrial needs, the role of 

industrial symbiosis and the current challenges that must be overcome. To this end, the objective of this 

manuscript is to go beyond the purely single-faceted technical discussion and provide an insight into the 

multi-faceted aspects of commercialising resource recovery technology development, which would be a key 

pillar in realising the future circular economy in line with UN’s sustainable development goals.  

 

Keywords: Resource Recovery, Circular Economy, Commercialisation, Technology, Environment, 

Techno-Economics 

 

1. Introduction  

Recovery of resources from waste streams continues to be an area of active research and commercial interest 

due to the promise of improving both economic and environmental performances of a process [1–3].  

Resource recovery may achieve this feat by creating additional revenue streams through the recovery of 

valuable resources that would otherwise need to be treated as waste. Therefore, once a resource recovery 

opportunity is identified, potentially a treatment endeavour may turn into a recovery activity with clear 

forecasted economic profit.  Due to this unique value proposition, resource recovery has been considered a 

core platform concept in transitioning from a linear economy to a circular economy [4].  In the domain of the 

food and food ingredients industry, the concept of resource recovery has already been explored, both in 

terms of separating valuable material from industrial food waste as well as through using the food waste as a 

substrate/reactant in creating valuable compounds through fermentation or traditional chemical reactions 

[3,5–7].  A steady increase in the global population and rising global wealth have prompted an increased 

consumption of animal proteins [8] which puts a severe burden on agricultural production in general. 

Resource recovery can play a key role in the reduction of resources used in a food production process, which 

ultimately reduces the overall resources used globally (assuming a similar level of consumption) 

 

A prime example of industrial scale inventory integration (mass and energy) within a production process is 

traditional petrochemical refining. In petrochemical refining crude oil containing numerous types of 

hydrocarbon compounds is transformed into a set of target products via integrated separation and reaction 

operations, while heat generated in exothermic units is distributed to endothermic ones through heat 

integration [9]. While crude oil refining, by no stretch of the imagination, is a resource recovery example, the 

operations it implements for resource integration provide inspiration in transitioning from often single 

product food processing operations into more resource efficient processes. This type of transformation has 

already influenced the industrial scale food production such as the dairy industry. In the dairy industry, whey 

protein rich wastewater is produced during the cheese making process, and was traditionally treated and 

discarded as waste product with no commercial value [10,11]. However, with the development of efficient 

separation technologies  in  recent decades, whey proteins in the waste streams are now separated and further 
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refined into high value speciality products such as whey protein isolates, resulting in a significant boost to a 

dairy plants bottom line while also reducing the wastewater treatment burden from cheese production 

[10,11].  

Looking at the whey protein solution in detail illustrates one key aspect to implementing resource recovery 

technologies, which is the availability and readiness of a given resource recovery technology to be 

implemented in an industrial setting. Technology readiness is one way of putting this level of development 

into perspective, through the technology readiness level (TRL) metric, which was originally developed by 

NASA to rate how close to implementation (market) a given technology is [12]. The TRL metric runs from 

1-9, with a TRL 1 given to a concept/idea which has been proven in a lab environment to a TRL 9 given to a  

technology that has been proven in real world operations [12].  Since its inception, the TRL concept has been 

adopted by other sectors and organisations to better understand the current state of a project or technology 

development [13]. In the case of whey protein it can be seen that despite knowing the value of recovered 

whey protein and the availability of membrane based technologies to recover the whey protein in the past 

decades [11], the actual implementation of these membranes at an industrial scale was impractical as the 

technology was not sufficiently mature. Moreover, the economics also dictate that the cost of the membranes 

should be low enough for an industrial entity to recover the initial capital outflow within a reasonable period 

of time, i.e. relatively short payback times are required for industrial scale resource recovery operations.  

 TRL together with economics dictate if a resource recovery solution is ready to be commercialised. 

However, the actual ‘real-world’ implementation of these solutions requires both the technology provider 

and the technology receiver to collectively transfer the technology from a concept to an implemented 

solution. Academics involved in the development of a resource recovery solution often create spinout (start-

up) companies to better facilitate this technology transfer (including one of the case studies).  At the same 

time, the transfer process requires the active participation of the industrial entity where the solution would 

initially be implemented. The concept of organisational readiness, management change and customer 

readiness level (CRL)  focuses generally on this topic and illustrates the importance that customer, society 

and technology provider and the synergy between the three entities have in developing and implementing a 

solution  [14–16].  

While economics forces, TRL as well as intricacies of technology transfer dictate if a resource recovery 

solution can be commercialised now, it is important to also keep the short and long-term societal and 

environmental impacts of resource recovery technologies in mind. This should be done, since the concept of 

resource recovery is primarily addressing the long term transition from a linear economy to a circular 

economy [4]. The water-energy-food (WEF) nexus is one notion that can be used to put the social and 

environmental aspects into perspective [17]. The WEF nexus explains that there is a set of dynamic and 

complex interconnections between water, energy and food, that must be taken into account and managed 

long term [18].  The WEF is especially important when looking at resource recovery in the food processing 

industry as any efficiency gains in this sector will directly influence the raw material demands of the 

industry, while ensuring energy and other additional resources used as well as the generation of waste by-
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products does not outweigh the efficiency gains [19,20].  This type of implications  has been discussed in 

[21] with respect to biorefinery concepts where a balance must be reached between the energy and the 

adjoining food and water part of the WEF nexus. While in [22], the authors discuss the resource impact in 

terms of the WEF nexus by reducing food waste through better food waste management practices. It is also 

important to note that having a resource recovery technology influencing any one pillar of the WEF nexus 

would also have an influence on all the other pillars. As such, expanding an otherwise WEF intensive 

process with any resource recovery concept, could potentially alleviate the strain of the given process. 

Looking at the above considerations as a whole it is apparent that transitioning a resource recovery concept 

working in lab scale to a commercialised solution requires the careful consideration and management of 

multi-disciplinary factors, particularly in managing TRL, economic factors and technology transfer aspects, 

while also considering the long-term WEF implications.  To this end there is a need to look at this as a multi-

faceted problem from a process systems engineering point of view. There exists previous work where 

systems thinking and systems engineering concepts have been employed to tackle WEF nexus related issues. 

For example, the work carried out in [23] on the use of Pareto optimality and conditional-value-at-risk 

analysis in making multi-stakeholder decisions and conflict resolution. Work looking at the technological 

and logistical challenges of recovering phosphorus form livestock waste has been done as well [24]. In [25], 

the authors have taken a systematic look at wastewater treatment and water use in general, and explored 

possibilities to recovery, reuse and reduce the use of water resources. In [26], the authors take a more holistic 

look at the WEF nexus and propose research areas where systems engineering can make a potential impact, 

while in [27] the authors have applied a systematic WEF based framework to understand the grand 

ecological implication of bioethanol production at a state-wide level. In [28], the authors have developed a 

simulation tool that can be employed in understanding some of these complex interactions between the 

elements of the WEF nexus. As such, the concepts, tools as well as the line of thinking developed in systems 

thinking and systems engineering can be beneficial in putting into perspective the role of resource recovery 

in alleviating the strains on the WEF nexus.  

The rest of this manuscript is organised as follows: In section 2, four case studies looking into different 

aspects of resource recovery are explored. Two of these case studies are directly related to alleviating the 

strain of food production and reducing the environmental impact of food production by recovering resources 

from waste streams. The other studies indirectly ease the strain by influencing the consumption of energy 

and water resources in their current form, but can be easily adapted to utilizing waste from food production 

as well. The case studies explored vary in the level of technology readiness (TRL of 2 to 7). Each case has 

been primarily chosen for its practical approach, with the focus of ultimately reaching industrial 

implementation. In Section 3, the implications of these case studies on the WEF nexus in general and on 

reducing the specific environmental impact of food production are discussed, followed by an analysis on 

commercialisation, where aspects such as industrial needs, the role of industrial symbiosis and the current 

barriers to commercialisation are discussed. In Section 4, concluding remarks are made.  
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2. Case Studies  

In this section, four industrially relevant case studies will be presented. The case studies selected are based 

on current work carried out at or by affiliates of the Process and Systems Engineering Center at the 

Technical University of Denmark, and cover the whole innovation spectrum. Where each technology fits into 

the WEF nexus is briefly illustrated in Figure 1 A and B.  

 

The focus in this section is to describe briefly the background of each case study with respect to its impact on 

the WEF nexus, and the technical innovation that has taken place to make the technology techno-

economically promising.  

 

2.1 Fermentation-based protein production for fish feed using keratin waste 

Keratin-rich animal by-products such as nails, feathers, horns, hooves, wool, bristles and hairs, constitute 

some of the most largely underexploited renewable sources of proteins [29]. Keratin waste biomass is 

classified as a low-risk animal by-product which occurs abundantly in slaughterhouses and meat & poultry 

processing plants. Therefore, this type of solid residue is not suitable for human consumption and needs to be 

treated before its disposal into the environment [30,31]. In 2014, approximately 432 and 221 k-tons of wet 

chicken feathers and pig bristles, respectively, were generated as a waste inside the European Union 

(EUROSTAT 2016).   

The aquaculture industry is one of the fastest growing sectors in food production, and it already accounts for 

production of approximately half of the seafood consumed in the world. Fishmeal constitutes one of the main 

ingredients of fish feed and represents about 40% of its total weight. Currently fishmeal is produced from 

wild fish and about one quarter of the wild fish caught each year is used as food for cultivating aquatic 

species, which is considered an unsustainable practice. As such, novel technologies for making proteins for 

feeding farmed fish are gaining importance continuously. The soluble proteins, peptides and free amino acids 

extracted during the enzymatic degradation of keratin could potentially supply the need for protein in fish 

feed, provided an economical and risk-free technology can be found. As such, the microbiological processing 

of keratin waste biomass can address this problem by solving it with a holistic approach, which integrates 

both waste remediation and resource recovery. This is completely in line with the current focus on circular 

economy concepts and will directly reduce the strain on the WEF nexus, as fishmeal – which is otherwise 

produced by unsustainable practices – can now be produced from an animal by-product.  

From a technical point of view the effective reutilization of such a type of keratinous by-product constitutes 

an unsolved problem due to its outstanding resistance to chemical and enzymatic digestion [32]. Within the 

rendering industry hydrothermal treatment is the most widely applied method to process keratinous waste 

biomass [33,34]. Hydrothermal treatment for the production of keratin meal involves three major steps, i.e.: 

1) hydrolysis; 2) drying; and, 3) grinding. During the hydrolysis step, the keratin waste is steam cooked in an 

autoclave employing an optimum combination of temperature (~ 130 - 145 ºC), pressure (~ 207 - 414 kPa), 
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and time (~ 20 -150 min) in order to hydrolyse the keratinaceous proteins [35,36]. This is actually not a real 

hydrolysis process but more correctly a denaturation process in which molecular constituents of the keratin 

structure are split, while the primary protein structure remains largely unaltered. Hydrolysis is normally 

followed by a drying step, during which the amount of water contained in the keratin hydrolysate is reduced 

to a desired level. Lastly, the dried material is ground by hammer milling to obtain a powder with an average 

particle size suitable for its inclusion in animal feeds. However, steam pressure-cooking of native feathers 

and hog hairs is an expensive process route to obtain both types of keratin protein hydrolysates, also 

considering the significant amounts of energy consumed during the treatment. Additionally, when 

hydrothermal methods are employed some essential amino acids such as cysteine, methionine and lysine are 

lost, while non-proteinogenic and therefore non-nutritive amino acids such as lanthionine and lysinoalanine 

are formed [36,37]. As a consequence, the final product is characterised by poor digestibility and low 

nutritional value, which considerably limits its use as ingredient for animal feed [38,39].  

Recently, a novel integrated approach for the consolidated bioconversion of thermally pretreated porcine 

bristles into a highly digestible keratin protein hydrolysate (approximately 95% in vitro pepsin digestibility) 

directed by the filamentous bacterium Amycolatopsis keratiniphila D2 has been described [40]. The 

biotechnological strategy detailed in this work consisted of a two-stage microbial degradation process, 

shown in Figure 2, in which both the production of keratinolytic enzymes and hydrolysis of keratinous waste 

material at high solids loadings (16% w/v) were conducted, in a single unit operation, under optimal 

conditions.  

The developed method permitted to fully disengage the growth of the bacterial strain, i.e. the stage 

controlling the extracellular synthesis and accumulation of the keratin-specific proteases into the culture 

broth, from the phase in which the pretreated pig bristles were enzymatically converted into smaller soluble 

products (i.e., crude soluble proteins, oligopeptides and free amino acids). Therefore, since the two phases 

involved in the biological degradation process were fully decoupled, both stages could be optimized 

independently. Under the established conditions, at the end of the process, a highly concentrated (89.3 g·L-1 

crude soluble proteins) keratin protein hydrolysate was obtained. 

From a technology readiness level point of view the solution proposed in this study [40] is still at a low TRL 

range (1-3) as it has only been demonstrated at lab scale. The fact that the feedstock used in the process is 

actual waste from slaughterhouses allows for a realistic estimate of the potential economic benefits and 

streamlines a future commercialisation pathway. However, this requires the further investigation and 

development of the overall process (including the separation steps) and the testing of the key technologies at 

pilot scale. 

In terms of the WEF nexus, this case study directly influences the Food pillar of the WEF as slaughterhouse 

waste will be transformed into raw material for fish feed. The case study in its current form, also directly 

reduces the environmental impact of food processing by recycling of the waste produced.   
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2.2 Production of single cell proteins from flare gas  

 

Flare gas is an unavoidable by-product of crude oil extraction and refining. Accumulation of natural gas 

when processing crude oil can cause system-wide pressure build-up, which can ultimately damage 

equipment and pose a serious hazard to personnel, and also to the surrounding environment. To mitigate this 

risk, the easiest measure to implement, is to vent the gas through a Pressure Relief Value (PRV) into a flare, 

and ignite it to produce carbon dioxide and avoid the release of natural gas, which is a much more potent 

greenhouse gas [41]. It is not a common practice for oil refineries to install mass flow meters on their safety 

vents, making the exact amount of flare gas difficult to quantify. However, recent estimates of flare data 

have been obtained through satellite imaging [42] and are displayed in Figure 3. 

 

It is quite evident from Figure 3 that a significant amount of natural gas is flared annually. An incentive to 

recover this resource, and comply with the “No flaring by 2030” initiative by the United Nations [44] could 

be provided, if the flare gas could be upgraded to a value added product. This could be achieved by 

converting the flare gas to single cell protein (SCP) through a fermentation process with methanotrophic 

bacteria, a group of bacteria which uses methane gas, the predominant species in flare and natural gas, as the 

sole carbon and energy source. Methylococcus capsulatus (bath) has historically been the methanotrophic 

strain of choice for this process due to its high optimum growth temperature, and relatively fast growth rate 

(45°C and 0.37 h-1 respectively) [45]. Under ideal process conditions, the bacterial conversion of methane 

gas to biomass can be described by a single global stoichiometric equation (Eq. 1) [46,47] 

𝐶𝐻4 + 1.45𝑂2

𝑞𝑥
→ 0.52𝑋 + 0.48𝐶𝑂2 (1) 

  

In Eq. 1 𝑋 is the biomass, and 𝑞𝑥 is the rate of reaction. The process is associated with quite a few interesting 

chemical engineering challenges. Microbial fermentation processes require water as a solvent and have a 

notoriously low volumetric yield, which must be mitigated by large working volumes [45]. At a modest 

space-time yield of 4 kg·m-3·h-1, the process would require a supply of approximately 5 kg·m-3·h-1 of 

methane and 14.5 kg·m-3·h-1 of oxygen, respectively. At the mild conditions required for the fermentation 

process, both methane and oxygen are present in gaseous form. Consequently, to support the bioreaction 

taking place in the liquid solvent (water), where the solubility of both gasses are extremely low, a large gas 

to liquid mass transfer rate is necessary, if the demands of oxygen and methane are to be met. Metabolic heat 

production is approximately equal to 460 kJ·(mol O2)-1 for aerobic fermentation processes [45], meaning that 

efficient heat transfer is required to remove heat equivalent to 208.6 MJ·m-3·h-1 from the system. 

The process is immensely interesting in the context of the WEF nexus, because it is one of very few 

technologies that allows direct conversion of fuel into feed ingredients. The engineering challenges would 

Jo
ur

na
l P

re
-p

ro
of



 

have to be addressed, however; i.e. it would be necessary to recover the process water downstream to reduce 

the impact of the low volumetric yield, and to develop a reactor design that facilitates a good heat and gas-

liquid mass transfer to reach the desired space-time yield. The technology is being pioneered by Unibio (DK) 

and Calysta (USA). Unibio recently opened a commercial plant in Russia [48] while Calysta operates a 

market introduction plant at Teeside, UK [49]. Both companies utilize unconventional loop bioreactors[46] 

to achieve a high heat and gas-to-liquid mass transfer. A picture of a loop reactor can be seen in Figure 4. 

As a result of these commercial efforts the TRL of this technology is in the medium-high range (5-7), which 

means that the economic and environmental factors would be the principal considerations in achieving wide-

spread commercialisation of the technology. 

In terms of the WEF nexus, this case study influences the Food pillar by taking waste methane from the 

energy pillar as it is transformed into single cell protein (SCP), which can be used as a raw material in 

farming practices. As such, the case study in its current form reduces the environmental impact of food 

processing by reducing the raw material demand of food production.  

 

2.3 Valorization of waste streams for biobutanol production  

 

Butanol produced from renewable bio-based sources (biobutanol) is a promising biofuel with ideal properties 

to replace petrol-based transport fuels on a large scale [50,51]. It has a 50% higher energy density than 

ethanol, which is used as fuel additive nowadays, and allows blending with gasoline in any proportion 

[52,53]. The volumetric energy density of liquid biofuels is almost 100 times higher than that of current 

electrochemical storage devices and this significant advantage is expected to last for decades, even when 

considering the latest progress in battery capacity [54]. Therefore, biobutanol can make a significant 

contribution to sustainable road transport and aviation, especially when electrical alternatives fail to meet the 

required performance characteristics. Beyond that, butanol is a widely used commodity chemical. It is used 

as solvent, extractant and precursor chemical in many industries, ranging from coatings to cosmetics [50]. 

Butanol can be produced via the petrochemical route or through microbial fermentation. In the latter case, it 

is often termed biobutanol. The established route for biobutanol formation is acetone-butanol-ethanol (ABE) 

fermentation [55,56] Industrial biobutanol production experienced its rise during World War I and was 

followed by a growing interest in butanol for the manufacture of lacquer. After World War II, however, the 

petrochemical route became more profitable. Molasses, the key substrate of ABE fermentation, faced a 

growing demand from emerging markets and suffered a severe price escalation. The ABE process became 

economically unattractive in Western countries. Nevertheless, ABE fermentation remained viable in South 

Africa until 1981 due to the local abundance and cheap supply of molasses. In recent years, biobutanol has 

seen renewed interest as societies strive to establish improved resource recovery and carbon-neutral 

production. 
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The example of ABE fermentation highlights the importance of a constant and cheap substrate supply for 

biobutanol production. Waste streams from the food and beverages industry can fulfil both criteria. In 

particular, waste streams from distilleries and breweries are marked by a high chemical (COD) and 

biological oxygen demand (BOD), and low pH [57]. These conditions are beneficial for butanol formation, 

whereas high-strength wastewater is typically regarded a financial and organizational burden by plant 

operators since acceptable discharge limits must be ensured [58]. A waste-to-value activity such as coupling 

butanol recovery to plant effluents can have a double impact on the operator’s bottom line. Plant operators 

can reduce sewer discharge fees and eliminate BOD surcharges, while recovering a valuable side product 

and reclaiming fresh water.  

ABE fermentation is typically performed with pure strains that cannot operate on complex waste streams 

[59]. These pure cultures, often Clostridia species, require expensive sugary substrates and sterile operating 

conditions. Genetically engineered strains have been reported to produce higher butanol titers [60], but these 

require the same sterile operating conditions. Moreover, they are prone to functional loss and subject to strict 

regulation [52]. Anaerobic mixed microbial cultures (MMC) offer an attractive solution to these challenges. 

MMC biotechnology engineers the environment rather than the microorganism with the goal of finding 

operating conditions that enrich species of desired metabolic function [61–63]. Successful application of 

MMC technology for the production of biodiesel, bioplastics and caproate substantiate the effectiveness of 

the approach [64–67]. On-going research by the authors aims to establish continuous butanol production 

from butyrate and hydrogen using mixed microbial consortia. This process is inspired by the anaerobic 

digestion process, an established wastewater treatment technology in which different microbial groups 

degrade complex organic matter into biogas [68–71]. Butyrate and hydrogen are key metabolites in 

anaerobic digestion, and butanol can be formed directly from these substrates. By increasing the hydrogen 

partial pressure and lowering the pH, a new operating regime can be defined that favors reduced product 

formation from volatile fatty acids, including the formation of alcohols such as butanol (see Figure 5). These 

conditions provide a new perspective to anaerobic digestion as value-added liquid fuels can be recovered 

aside from biogas.  

Experimental studies provide evidence for butanol production using MMC technology. The production of 

several alcohols including methanol, ethanol, propanol and butanol from lactose was demonstrated in an 

upflow reactor and through batch cultivation [72,73]. These results show the potential for butanol recovery 

from dairy processing effluents. Butanol production was also reported in an ethanol-perturbed continuously 

stirred tank reactor fed with butyrate and ethanol using MMCs [74]. In that study, bicarbonate limitation 

caused a shift from methane production towards butanol formation. Finally butanol formation in MMCs 

under batch conditions using butyrate and hydrogen as the sole substrates has been reported [75]. Methane 

was a major by-product. Several Clostridia species are known to produce butanol from butyrate and 

hydrogen with strict glucose requirement [52,76]. Clostridia are natural inhabitants of the wastewater 

ecosystem [59]. Therefore, it remains a matter of shaping the process conditions to promote butanol 

production in such microbial communities.  
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MMCs help to overcome several key challenges related to pure culture technology. They can cope with non-

sterile waste streams of varying composition and load. The adaptive capacity to changing waste streams adds 

to stable process economics. On the one hand, MMC technology lowers the economic dependence on a 

single feedstock, as was the case with molasses for ABE fermentation. On the other hand, an increased 

product spectrum spreads the risk for price fluctuations in the downstream markets. Eventually, MMCs hold 

promise to become a key technology in the biorefinery concept, which promotes a range of value-added 

biofuels (e.g. C2-C6 alcohols) and energy-rich chemicals (C6-C8 fatty acids) on the basis of generic process 

intermediates (e.g. volatile fatty acids) [77,78]. Realizing butanol production from waste streams can be a 

major step towards achieving this goal. However, on the path to full exploitation of MMC biotechnology, 

several challenges have to be addressed. For example, butanol is cell-toxic which is limiting the butanol titre 

[55,59]. Current research is investigating improved separation technologies for in-situ product removal (e.g. 

gas stripping or membrane separation) to alleviate such effects [79]. Once these obstacles are resolved, 

waste-sourced biobutanol can make a vital contribution to a more balanced water-energy-food nexus in our 

communities. 

In terms of technology readiness the MMC production is currently at a low TRL range (1-3) as the 

experiments are only performed at lab scale. However, the potential economic benefits of this work are due 

to the ability of the technology to operate without the need for costly chemical pretreatment of the waste 

streams. In this case study, the MMC influences the energy pillar by taking waste generated in the water 

pillar of the WEF nexus by converting waste streams into biobutanol. However, MMC technology can be 

adapted to take waste streams from food production and generate biobutanol which would reduce the 

environmental impact of food production.  

 

2.4 Recovery of energy and nutrients in traditional wastewater treatment systems  

 

In light of the increasing demand for water and energy and their associated costs, the scientific community is 

changing the vision of wastewater treatment from the traditional "out-of-sight, out-of-mind" approach 

towards considering raw wastewater as a source of valuable resources. Nutrients, such as phosphorus  (P)can 

be recovered in various forms for use in agriculture as slow-release fertilizers [80]. On the other hand, energy 

in the form of heat and electricity can be extracted from organics to reduce the power demands of the 

treatment facility without compromising the efficiency of treatment as far as effluent quality is concerned 

[81]. Therefore, the research/engineering community is facing a transition from conventional wastewater 

treatment plants  (WWTPs) into water resource recovery facilities (WWRFs) [82].  

Along this line of thinking, a holistic approach is required for handling energy and nutrient fluxes within the 

different sub-systems comprising the flow diagram WWRFs have been proposed to enable the evaluation of 

their potential recovery. Indeed WWRFs  should be considered as an integrated process, where 

primary/secondary clarifiers, activated sludge reactors, anaerobic digesters, thickeners/flotation units, 
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dewatering systems and storage tanks are linked tightly together and need to be operated and controlled not 

as individual unit operations and processes, but taking into account all their potential interactions [83]. 

This case study evaluates the development of resource recovery alternatives in a WWTP located in South 

East Queensland which was designed for removal of organic matter (COD), N and P from domestic 

wastewater of approximately 750 000 person equivalent. To this end, a plant-wide model is constructed 

according to the principles reported in the Benchmark Simulation Model No. 2 (BSM2) describing the main 

interactions between the water and the sludge line[84]. The model, applied to the full-scale WWTP, is 

calibrated and is used as a baseline scenario (WWTP0) (see Figure 6). Several recovery alternatives (WRRF1, 

WRRF2) are implemented, simulated and evaluated using process simulation. Changes in the Effluent 

Quality and Operational Cost are quantified as a consequence.  

 

In the first scenario (WRRF1), the efficiency of the primary settler is modified assuming chemically 

enhanced primary treatment (CEPT) using iron chloride (FeCl3) as precipitant according to [85].). The iron 

precipitation model is based on the principles stated in [86] and Sumo2S (www.dynamita.com). The second 

alternative (WRRF2) focuses on maximizing nutrient recovery in the form of struvite from the anaerobic 

digester supernatants. The latter modifies the original plant layout by adding a crystallizer to facilitate 

controlled and enhanced struvite recovery, a magnesium (MgOH2) and sodium hydroxide (NaOH) dosage 

tank and a dewatering unit to facilitate P recovery. These units are modelled according to [87]. The options 

evaluated in this case study have been systematically generated, but they are based on general process 

knowledge.  

 

From an environmental point of view, the proposed alternatives (WRRF1, WRRF2) result in improvements 

with respect to the open loop default configuration WWTP0 . The main reason is that WRRF1 and WRRF2 

substantially reduce the quantity of P that is discharged via the effluent. The higher quantity of organics 

arriving to the anaerobic digester increase methane production and therefore energy recovery i.e. the facility 

has installed a co-generation unit. Nevertheless, the periodic purchase of iron salts for P precipitation in 

WRRF1 substantially increases the plant´s operational expenses. The potential modification of the plant 

layout promoting P recovery results in the best economic numbers even though the results of this evaluation 

should be taken with care. Firstly, capital costs of the crystallizer, civil, electrical and piping works should be 

included in order to make a more complete assessment of WRRF2. Secondly, the financial benefits coming 

from struvite are very uncertain [88]. It is also important to note that the operational and structural changes 

carried out to the plant should be carefully and systematically considered. To this end the methodologies 

outlined in [89] can be used. Proper assessment methodologies could be included to have a better idea of 

existing synergies and trade-offs [90].  

In terms of TRL, the structural and operational changes carried out during this case study are already 

industrially available, and as such a high TRL range (7-8) can be assigned to the proposed solution. As such, 

the implementation of the WWTP2 plant layout, which is the most economically lucrative alternative, would 
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be purely an economic and environmental decision. In this case study the changes to the WWTP influence 

the energy pillar by taking waste generated in the water pillar of the WEF nexus by converting wastewater 

into produced energy, while also recovering additional nutrients that can be used in agriculture which will 

affect the food pillar. However, similar modification and the concept of an advanced WWTP in general can 

be used to take wastewater streams from food production and generate energy and nutrients for agriculture, 

which would directly reduce the environmental impact of food production. 

 

3. Implications and Commercialisations   

In section 2, four case studies were presented which influence the WEF nexus as well as food production. 

The case studies presented cover a diverse range of TRL and levels of aggregation as illustrated in Figure 7. 

For instance, both the keratin conversion process and biobutanol production are at TRL range of 1-3 and are 

currently focusing on understanding the phenomena which govern the process. In contrast, SCP production 

at a TRL range of 5-7 is focused on developing pilot and full-scale technology solutions based on the 

existing understanding of the phenomena, while the WWTP example with a TRL range of 7-8 is carrying out 

changes in operation and addition of equipment on an established commercial process.  

The case studies covered in section 2 are also diverse in their impact on resource usage in industrial scale 

food production processes as illustrated in Figure 1. Keratin production in this instance stays within the food 

pillar of the WEF nexus where it improves the resource usage through recovering proteins, which would 

otherwise be treated as waste. While the SCP production affects the energy and food pillar where waste 

methane gas (used for energy) is used as raw material for the production of protein rather than being flared.  

The produced SCP is then used as a raw material in food production. The WWTP influences all three pillars 

of the nexus and each specific case study illustrates how changes in WWTP operations and structure can be 

used to produce more energy and/or recover nutrients while also recovering water that can potentially be 

treated further for reuse. In this instance the nutrients recovered, such as phosphorus, can be directly used as 

raw materials to support agricultural production, thereby reducing the strain on food production. Moreover, 

the extra energy recovered together with the water indirectly relieves the strain on the food pillar by affecting 

the water and energy pillars. Biobutanol production from wastewater is currently a part of the water and 

energy pillar where wastewater is used to produce biobutanol, which can be blended with gasoline as an 

energy source, as such indirectly influencing the food pillar through the WEF nexus.  

Focusing specifically on the direct reduction of waste from food production, one can observe that the 

technologies used for biobutanol production as well as the WWTP case study can also take food waste 

(solid/wastewater) as feedstocks.  As such, from a technology point of view, biobutanol can operate within 

the food water nexus where food waste can be transformed into an energy carrier while the WWTP can 

transform food waste (wastewater) into clean water (influencing the water food nexus). Taking these 

possibilities into account, the technologies highlighted in the case studies can be used to transform food 

waste into valuable products, which also reduces the overall environmental footprint of the products. So far, 
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the focus of this manuscript has been on holistically identifying the needs and benefits of resource recovery, 

and also detailing the technical aspects of four case studies which can potentially realise these benefits. 

However, the realisation of these benefits inevitably requires the commercialisation of the technologies 

discussed in the case studies. To this end, the following subsections focus on understanding the key needs of 

industry, the role of industrial collaboration and the current hurdles and barriers that need to be overcome to 

transform solutions developed into fully commercialised solutions.  

 

3.1 Industry needs 

Understanding the needs of an industrial partner or customer can be complicated as they may have multiple 

requirements. However, according to our opinion and experience the following two aspects hold the key in 

identifying promising commercialisation opportunities.   

 

3.1.1 Value proposition  

From an industrial point of view a key yard stick for measuring the importance of a project is its value 

proposition. The value proposition in resource recovery in general – and in the case studies specifically - is 

their ability to recover and/or convert otherwise invaluable resources into products that are of value. This 

value proposition is further augmented by the fact that these resource recovery technologies alleviate the 

strain on the WEF nexus of an industrial food producer. However, the specific value proposition for a given 

case study would change from implementation to implementation. For example, the value proposition of the 

SCP production as described in section 2.2 is greater near an oil field. But in principle, the SCP production 

can also be combined with a biogas production plant to transform methane obtained from digestion of a 

waste stream to valuable protein. Similarly, the production of fish feed from keratin has a higher value 

proposition at a slaughterhouse. Biobutanol production would have a high value proposition in situations 

where hydrogen can be obtained at reduced cost, such as in a crude oil refinery where a continuous catalytic 

reformer produces more excess hydrogen that cannot be consumed within the refinery [91], or next to a 

power plant where excess power can be converted to hydrogen during night time. As such, from a 

commercialisation point of view it is important for a given technology to be paired with a situation where it 

has the highest value proposition. This determination can be made by using Net Present Value (NPV) based 

concepts as outlined in  [92,93].  It is also important in some situations to analyse multiple alternative 

solutions as well as the cost/benefit of carrying on business as usual. To this end, the differential NPV based 

analysis outlined in [89] can be used for comparison and selection purposes.  

 

3.1.2 Ease of Implementation 

Ease of implementation is another key attribute that must be considered when commercialising any 

technological solution. Resource recovery in general has one key advantage in this regard, as it can often be 
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implemented as a standalone solution that does not affect the main production process. In contrast, proposing 

a paradigm shift in food production processes to incorporate the resource recovery process itself, will 

potentially yield a reduced environmental footprint, but requires large investments, long lead times, and 

investments in repurposing and adding new plant equipment. Therefore, the resource recovery solutions 

proposed here are more attractive since they can be implemented within a short time period as an add-on to 

existing processes with comparatively low levels of development and implementation costs.   

In terms of the case studies, the non-invasive standalone aspect is true for keratin, SCP and biobutanol 

production.  As such, there are no risks that are introduced to the main process if these implementations do 

not perform up to expected standards. For energy and nutrient recovery from a wastewater treatment plant 

this may not be valid (assuming the wastewater treatment plant is the main production/operation). In this 

case, the concepts outlined in [89] can be employed in putting these risks into perspective and developing 

solutions to manage them.  

Looking at the biobutanol production case study in detail, it can also be seen that the approach taken – 

despite being of a relatively low TRL – inherently takes into account the fact that the feedstock to the process 

can be contaminated with other microorganisms. Addressing this requirement from an early stage of the 

development process means that the implementation of such a concept would be more robust as opposed to 

the development of a technology which does not take this aspect into account.   

 

3.2 Industry-academia collaboration  

One key aspect that is necessary for commercialising promising ideas developed in academia is the periodic 

and continued involvement of industrial entities. This is the case for all four case studies discussed, with the 

SCP production currently transitioning into a self-sustaining commercial entity under the company Unibio. 

In Denmark (as well as in other countries), funding agencies such as the EU, Innovation Fund Denmark and 

private foundations such as the Novo Nordisk Foundation, support applied research and are increasingly 

emphasising the requirement to involve industrial entities to better align the academic development and 

industrial needs. This is for the purpose of creating novel solutions that can potentially be developed into 

commercial solutions with relative ease, compared to purely academic technologies and solutions.  

 

In Denmark, as an example, this requirement for close collaboration between academia and industry has 

resulted in the creation of organisations such as the BIOPRO strategic research consortium [94,95]. The 

BIOPRO Strategic Research Centre (www.biopro.nu) was established with the explicit aim of promoting 

collaboration between academia and industry. Large Danish biotech manufacturers (Novo Nordisk, Chr. 

Hansen, Novozymes, CP Kelco, Xellia Pharmaceuticals), in most cases world leaders in their industry, work 

together with the Technical University of Denmark and The University of Copenhagen with the aim of 

developing innovative industrially applicable solutions for improving bio-based production processes 

[94,95].  As a result of BIOPRO:  
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 Academic and industry partners can freely share information under a general non-disclosure 

agreement 

 Academic partners get to try and shape their scientific innovation based on real world information 

provided by the industrial partners on the basis of their production processes 

 Academic partners can test their solutions from an early stage on industrial systems or pilot facilities 

run by industry 

 Industry partners get updated with the state-of-the-art developments carried out in academia and 

have the ability to try out novel process solutions  

 Industry partners have the benefit of being first movers on promising economic solutions  

 

Once a promising solution is developed and proven at lab scale, the BIOPRO collaboration framework 

allows for the creation of start-up companies, which are used to commercialise the solutions. Since the start-

ups are created within the BIOPRO framework, they have a more streamlined NDA/approval process with 

the industrial partners, also using the industrial partners as first customers for the developed technology.  

 

One such start-up that emerged from the BIOPRO consortium is BioScavenge ApS (www.bioscavenge.com), 

which deals with recovery of valuable compounds from industrial process waste streams, as well as with 

purification of industrial streams in order to make them suitable for release in the environment. BioScavenge 

Aps has carried out several pilot scale studies with the main focus on recovery of valuable small and large 

organic molecules, as well as organic solvents and water. It’s processes have been tested successfully under 

the academic Good Lab Practice (GLP)  conditions for small scale recoveries, as well as under the industrial 

Good Manufacturing practice (GMP) environments for large scale processes (from 500 – 2000 L/hr scale). 

The company is currently preparing for the first full-scale process that is planned to be fully operational in 

2020. 

 

3.3 Barriers to success    

While understanding the industrial needs and getting industrial partners engaged throughout the development 

process holds the key to successful commercialisation, there are many important barriers that must also be 

overcome in the arduous journey from transitioning a technology/scientific novelty to commercial success. 

While these barriers can also be found in other technology development/commercialisation projects, they 

nonetheless dictate the difference between success and failure of a given resource recovery project in the 

domain of food production. Some of the key barriers faced are summarised below: 

 

3.3.1The cost of technology development 

The cost of developing a resource recovery technology from lab scale to pilot scale and finally to industrial 

scale increases exponentially [96]. For example, only 12-26% of the total cost of technology development 
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maybe used in developing a resource recovery technology from TRL 1 to 4 [96].  This is mainly due to the 

fact that there is a significant amount of engineering work that must be done to first turn a lab scale scientific 

demonstration into a pilot scale demonstration. Furthermore, important factors explaining these numbers are 

also the augmented costs of running pilot scale equipment in terms of material and energy usage in 

comparison to lab scale experiments, and the cost of capital involved in building full scale resource recovery 

plants.   

In pilot scale, the cost of technology development can be somewhat reduced by co-financing technology 

development through government programs (EU and regions) that are in place to fund this stage of 

development. For example this type of co-financing has supported both Bioscavenge Aps as well as SCP 

production company Unibio with the development of their technologies. To reduce the cost of development, 

Bioscavenge Aps has adopted the use of modular solutions that can be parallelized during full scale 

operations, which significantly reduces the initial capital required to build full scale solutions. As such, the 

application of modular solutions where practically feasible can reduce the development cost as opposed to a 

full scale solution.  To reduce the cost of experimentation, a state-of-the-art validated process model can be 

of use as simulation studies may substitute some of the pilot and full scale experimental work.  For example 

this has been the case in the WWTP case study while the SCP production example also uses simulations to 

cut down on the number of pilot scale experiments that are required.  

 

3.3.2 Implementation and operations Risk 

Industry in general is highly risk averse toward the implementation of new types of process technologies 

including resource recovery technologies. This can be both due to actual and perceived risks that 

implementing a new technology may result in reduced throughput and/or the perception that any benefits 

gained during routine process operations will be nullified due to a non-routine process breakdown [89].  As 

such, industry always prefers to use the most established and simplest possible solution rather than trying out 

a novel yet more efficient solution unless there is a need for a change. It is also important to note that for 

resource recovery units which are usually dealing with waste resources this perceived economic risk is 

somewhat lower, as the economic cost of a process break down is not as high in comparison with a 

technology that is part of the main production line.   

In general, industries are prompted to overcome this barrier because of economic or regulatory reasons. For 

example if the economic benefits of a given technology change is significant enough to force industry to 

adopt it, i.e. not adopting it will weaken an industry in view of global competition. This was the case in the 

use of membrane technology to recover whey protein, as not recovering the whey protein would make the 

bottom line of a dairy production facility much less attractive [10]. Similarly, this barrier can also be 

overcome when health/environmental policy forces an industry to make changes,  

In the SCP process, the pilot scale set up acts as a technology demonstrator which reduced the perceived 

technology risk. Similarly the demonstration of a concept of a validated process simulation can also aid with 
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managing the perceived technology risk such as done in the WWTP. For resource recovery solutions such as 

the ones discussed in this study the perceived economic risk can also be reduced significantly just by keeping 

the current method of waste treatment active and available during the initial implementation. This is because 

any failure in the resource recovery technology will not affect the production process as the current waste 

treatment method serves as a backup.  

 

3.3.3 Intellectual property and confidentially   

Many resource recovery technology development projects can trace their origin back to some kind of 

industrial-academic collaborative work where the initial scientific concept has been developed; this is true 

for the SCP, WWTP, the keratin extraction case studies as well as the BIOPRO start-up Bioscavenge. To this 

end both the academic and industrial partners will collaborate and share data from an early stage of process 

development onwards. As such there is a need to clarify early on both intellectual property rights and 

confidentiality issues that may arise from such a close collaboration.  

This is especially of concern when the work carried out jointly needs to be presented or published by the 

academic partner such as when post graduate students are involved and the work is not considered “pure” 

consulting work. At the same time the industrial partner (To be more specific the intellectual property and/or 

public affairs department of the industrial partner) would often prefer to keep the work confidential. These 

confidentiality issues also apply to resource recovery development, but in general for resource recovery the 

industrial partners are more forthcoming with information related to the processing of waste streams as 

opposed to providing information about the main process. However, in some instances strict non-disclosure 

policies apply to the waste stream information, as detailed information about the content of the waste streams 

can be used to gain insights into the main production process.  In [93], the authors tackled this need for 

confidentiality by labelling the  industrially sensitive components as “other compounds” as they had no 

influence on the subsequent analysis of the work. The use of industrially validated simulations can also 

enable the publication, where phenomena can be observed and concepts demonstrated without revealing 

sensitive industrial plant data, as done by some of the authors involved with this work in the field of fine 

chemicals separation  [97–99]. 

Any intellectual property right that may arise from a joint process development venture between industry and 

academia has to be managed and agreed upon in detail ahead of time. This endeavour is somewhat simplified 

in resource recovery technology as many food manufacturing entities do not consider resource recovery as a 

core business competence and hence do not want to develop the initial lab scale/pilot scale technology into a 

commercial product. At the same time academic institutions do not have the resources, the mandate or the 

expertise to transition lab/pilot scale technologies into commercial products. As discussed in section 3.2, 

creating spin-out companies from these types of collaboration exercises can be one method of 

commercialising these findings and development.  
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3.3.4 Funding and technical know-how 

As discussed in section 3.3.2, for resource recovery technologies the most plausible road to 

commercialisation is through a start-up / spin out. While government programs (EU and regions) are in place 

to fund this stage of development, the amount of funds available to start-ups is both capped and subject to 

securing private investors such as venture capital. This creates a unique dilemma for chemical engineering 

start-ups as venture capitalists like to put a heavy discount on the value of a technology which has not been 

“implemented”, while the start-ups require significant investments to demonstrate capabilities at pilot scale 

(TRL 6) and beyond. As such a “Chicken and Egg” funding situation can result, where the very capital that is 

needed for the demonstration of the process at full scale requires the technology to be developed to full scale 

prior to the funds being released. However, one positive aspect of resource recovery technologies that may 

attract investment is their broad spectrum of applicability as waste generated in biotechnology as well as 

food manufacturing processes can be somewhat similar to each other.  

Another key aspect that needs to be managed in the latter stage of technology development is getting 

individuals with the necessary technical skills involved as the development of a process from TRL 6 to 

implementation requires an ever increasing involvement of practicing industrial engineers as opposed to 

research engineers who develop the concept up to TRL 5. Not recognising the fact that a different set of 

skills are required in the final stage can lead to promising technologies not reaching commercialisation. For 

example the SCP production company Unibio currently employs a mixture of research and technical 

engineers in their operations while BioScavenge Aps has commercial partnerships with technical engineering 

firms. Similarly a strong management core must also be assembled for the TRL 6 to implementation 

development stages as the budget, market risks; stakeholder expectations (investors and launch customers) 

and technology risks must be carefully managed.  

3.3.5 Legislation 

Government policy towards the development, implementation and operation of resource recovery 

technologies has a broad influence on all barriers described above. It is important to note that the support 

given to commercialise a resource recovery technology by a given government is different. For example 

governments in developing Asia cannot give the same amount of financial or political support as a 

government in a European nation [2]. While the authors of this manuscript are not policy experts, the authors 

believe that the following type of policies may be beneficial in commercialising resource recovery 

technologies.   

I. Legislation on industry to adopt more stringent waste treatment standards  

II. Preferential tax treatment for resource recovery related projects both in development, 

implementation and operation 

III. Government funding specifically allocated towards the TRL 6-9 development of resource recovery 

technologies with a focus on supporting resource recovery start ups 
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IV. Specific funding calls focusing on the development of industrially relevant resource recovery 

technologies, which require industrial, academic and start-up project partners. 

3.3.6 Logistics and Certifications  

Prior to establishing full scale operations of a resource recovery concept, it is important to address potential 

logistical challenges. In many resource recovery solutions this can be somewhat complex as the required 

feedstock (waste stream) is distributed and only available in smaller quantities. Other than the WWTP 

example, all other case studies must consider the logistics of securing feedstock for its processes to sustain 

full scale operations. However, in keratin hydrolysate production this problem is somewhat negated as the 

feedstock to these processes is generally waste from industrial scale slaughterhouses. This is also the case if 

resource recovery is attempted at food production plants. To this end, waste stream from a food production 

plant might be the ideal feed stock for the bio-butanol case study. In the SCP there exists a logistical 

challenge for securing sufficient feedstock as individual flare lines in refining and upstream operations are 

insufficient to support a full scale SCP production process. This can be somewhat overcome by designing 

smaller modular platforms.     

The sale of products generated at a full scale resource recovery operation can also be a logistical challenge. 

This is because, at full scale, these processes may produce a large quantity of a product that then must be 

introduced to the relevant market. However, if  the compound recovered is a specialty chemical [4] or the 

market for the given product is small, finding the right channels of selling these products can be complex. In 

the WWTP and biobutanol examples this may be a straightforward process as both struvite and butanol are 

commodity chemicals and as long as the necessary specifications are met they can be sold on to bulk 

chemical resellers. In the keratin and SCP processes, the recovered product can be sold to animal feed 

production processes as feedstock.  

Both the equipment used and products recovered in a resource recovery solution requires certifications for 

full scale operations. In terms of equipment this is generally safety and environmental certifications to ensure 

that the equipment used for the resource recovery operations is safe to operate at given conditions. Similarly 

products recovered through the resource recovery operations must also be certified for the intended purpose 

be it commodity chemicals, pharmaceutical ingredients or animal feed. In terms of equipment all four case 

studies must comply with safety and environmental standards. For the biobutanol and SCP case study the 

process safety aspect must be considered even at pilot scale, and managed at full scale, as both processes use 

flammable gasses. With respect to product certification the SCP and keratin production process would have a 

higher level of scrutiny in comparison to bulk chemicals produced in the biobutanol and WWTP case. 

Moreover, if the recovered product was to be reintroduced as pharmaceutical or food grade ingredients, the 

level of scrutiny would further increase as for example experienced by Bioscavenge Aps. As such this 

complexity needs to be taken into account and managed.  

 

4 Conclusions  
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This manuscript took a critical look at how resource recovery technologies can be used to reduce the overall 

environmental impact of food processing. To this end, four case studies were introduced which are either 

directly or indirectly alleviating the overall environmental impact of food processing. The case study on the 

production of fish feed from keratin directly alleviates the food waste problem by converting slaughterhouse 

waste into fish meal while the SCP production takes waste energy and transforms it into protein to be used as 

a raw material in food production. The case studies of biobutanol production and the WWTP affect the WEF 

nexus and by proxy the environmental impact of food production. It is also important to note that both 

biobutanol and WWTP processes can be applied directly on industrial food waste to produce energy and 

clean water respectively, which also reduces environmental impact of industrial food production. To realise 

the potential of these technologies, it is necessary to commercialise them. Understanding industrial needs, 

specifically the concept of value proposition and ease of implementation together with the need for involving 

industrial partners throughout the innovation spectrum, was identified as key for successful 

commercialisation. Nevertheless, the general risk awareness of industrial partners, the challenge of raising 

private equity and the confidentiality of industrial data are key barriers that need to be overcome. 
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Figure 1. Graphical illustration of which pillar of the WEF nexus each of the four case studies addresses. In 

A) this is illustrated in a traditional manner, where food waste specifically is used as origin in B).  

 

 

Figure 2. Two-stage microbial degradation process in which both production of keratinolytic enzymes and 

hydrolysis of keratinous waste takes place. 
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Figure 3. Tons of gas flared on a global scale from year 2012 to 2017. Data is estimated according to 

satellite imaging [42,43] 
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Figure 4. Picture of the loop bioreactor (U-loop fermentor) used by Unibio in their production of single cell 

protein. Calysta employs a similar design. 
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Figure 5. Schematic overview of the anaerobic digestion process with biogas as the final product (a) and the 

proposed alternative pathway for alcohol production at low pH and increased hydrogen partial pressure. 

Under such conditions, the final two steps of the anaerobic digestion process, namely acetogenesis and 

methanogenesis, are inhibited, while solventogensis is favored. 

 

 

 

Figure 6. A schematic of the calibrated wastewater treatment plant model with mass balance information 
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Figure 7. The scientific focus of the case studies in terms of process aggregation (development) and their 

respective overall TRL.  
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